Obesity during maturation can affect the growing skeleton directly and indirectly, although these effects and the mechanisms behind them are not fully understood. Our objective was to determine how a high-fat diet with or without metformin treatment affects skeletal development. We also sought to characterize changes that occur in white adipose tissue, circulating metabolites, lipids, and gut microbiota. A diet-induced obesity C57BL/6J mouse model was used to test the effects of obesity and metformin on bone using bone histomorphometry and microcomputed tomography. Bone marrow adipose tissue was quantified with osmium tetroxide microcomputed tomography and histology. Dual-energy x-ray absorptiometry was used to analyze body composition. Hematoxylin and eosin staining was used to assess changes in white adipose depots, mass spectrometry was used for circulating lipids and protein metabolite analysis, and ribosomal RNA sequencing was used for gut microbiome analysis. Mice fed a high fat-diet since wean displayed increased medullary areas and decreased osteoblast numbers in the long bones; this phenotype was partially normalized by metformin. Marrow and inguinal adipose expansion was also noted in obese mice, and this was partially normalized by metformin. A drug-by-diet interaction was noted for circulating lipid molecules, protein metabolites, and gut microbiome taxonomical units. Obesity was not detrimental to trabecular bone in growing mice, but bone marrow medullary expansion was observed, likely resulting from inhibition of osteoblastogenesis, and this was partially reversed by metformin treatment. (Endocrinology 158: 3369-3385, 2017) 
O besity is a common and mounting global disease with complex and integrated consequences, including systemic inflammation, insulin resistance, and nonalcoholic fatty liver disease. Obese adults have higher bone mineral density (BMD) and greater bone strength in the tibia (1), lumbar spine (2), femoral neck, distal radius (2) , and lower extremities (3) . However, fracture risk is also increased in obese individuals with either prediabetes or normal glucose tolerance, even when adjusted for age, physical activity, and the use of drugs known to increase the risk of fractures (4) ; this highlights the complicated relationship between bone condition and obesity. Thus, it is crucial that the bone health of these patients be carefully considered, especially in relation to diabetes treatments. Thus, a more comprehensive analysis of the interactions among obesity, antidiabetic drugs, and bone phenotypes would benefit the field and is undertaken here.
Metformin is the most widely prescribed treatment of type 2 diabetes mellitus worldwide and is also used for obese, prediabetic patients. A more complete understanding of the skeletal response to metformin is confounded by the fact that the impact of dietary excess on skeletal turnover is itself not well understood. Metformin improves glucose tolerance, insulin sensitivity, and peripheral glucose uptake, and decreases insulininduced suppression of fatty acid oxidation, lowdensity lipoprotein cholesterol, and triglyceride levels (5) . Despite minimal weight loss effects, metformin improves immune function and decreases inflammation by reducing C-reactive proteins and proinflammatory cytokines such as tumor necrosis factor-a (5). Metformin also affects white adipose tissue (WAT) and suppresses abnormal extracellular matrix remodeling in adipose tissue in mice with diet-induced obesity (DIO) (6) ; however, the actions of metformin on the skeleton are not clear (7, 8) . Results from human studies are conflicting and show either a neutral or beneficial effect on the skeleton, in contrast to thiazolidinediones, which have unfavorable effects on bone (7) . We hypothesized that metformin has different effects in lean vs obese individuals and tested this here using a well-established DIO mouse model that shares many characteristics with human obesity (9) . We aimed to characterize the full spectrum of effects of metformin in both lean and obese mice, including effects on skeletal phenotype, bone marrow adipose tissue (MAT), WAT, systemic lipid and protein metabolites, and gut microbiome composition.
Methods

Animal care, euthanization, and blood collection
Male and female C57BL/6J mice (stock# 000664, The Jackson Laboratory, Bar Harbor, ME) were purchased and bred at the Maine Medical Center Research Institute animal facility or the Dana-Farber Cancer Institute animal facility and used for experiments. Male mice were randomly assigned to each group and were used for all experiments. Mice had ad libitum access to food and water. Mice were euthanized by CO 2 inhalation or exsanguination. For exsanguination, mice were anesthetized using 100 mg/kg ketamine and 15 mg/kg xylazine (SigmaAldrich, St. Louis, MO) and blood (2 mL) was collected into a sterile microcentrifuge tube from mice after surgical removal of their eye. Blood was allowed to clot for 45 minutes at room temperature, and centrifuged for 15 minutes at 12,000 relative centrifugal force to separate serum (top, used for lipidomic and metabolomics profiling) from the cellular component (bottom). Experiments were performed in accordance with approved protocols from the appropriate Institutional Animal Care and Use Committee (Dana-Farber Cancer Institute, Boston, MA, or Maine Medical Center Research Institute, Scarborough, ME). No adverse effects were observed in our studies.
Diet and drug treatments
From the age of wean, mice were fed a high-fat diet (HFD) (60% kcal from fat) (D12492, Research Diets, Inc., New Brunswick, NJ) or chow control diet (RMH 3000 Prolab® Isopro® LabDiets, St. Louis, MO, or Tekland 2018, Envigo, Madison WI) from weening (;3 weeks) for 15 weeks. For the following 6 weeks, mice were also treated with or without 300 mg/kg metformin in drinking water, as described previously (10, 11) . Metformin HCl 1000 mg tablets, (Drug NDC: 683820030, PHR1084-500MG, Sigma-Aldrich), were crushed and added to mouse drinking water (2 g/L) for an equivalent dose of 300 mg/kg per day, based on estimates that mice drink 1.5 mL/10 g body weight per day.
Body composition
Dual-energy x-ray absorptiometry for whole-body composition exclusive of the head were performed on mice at 16, 20, and 22 weeks at age using the PIXImus (GE Lunar, Fairfield, CT) as described previously (12) . The PIXImus was calibrated daily with a phantom provided by the manufacturer.
Bone histomorphometry
Femur and tibia were dissected from mice, fixed in 10% formalin for 48 hours, transferred to phosphate-buffered saline, dehydrated, embedded in methyl methacrylate, sectioned into 4-mm slices, and stained with von Kossa as described previously (13) . Consecutive sections were stained by tartrate-resistant acid phosphatase and toluidine blue to quantitate structure and cellular parameters by bone histomorphometry. Bone histomorphometry was performed using the Osteomeasure system (Osteo-Metrics, Decatur, GA), and the results were analyzed as described and expressed according to the standardized nomenclature (14) .
Microcomputed tomography
A high-resolution desktop microtomographic imaging system (mCT40, Scanco Medical AG, Brüttisellen, Switzerland) was used to assess trabecular bone microarchitecture and cortical bone morphology, in the proximal metaphysis and middiaphysis of the tibia. This machine was also used to assess trabecular bone microarchitecture and cortical bone morphology in the distal metaphysis and middiaphysis of the femur, respectively. Scans of the entire tibia and femur were acquired using a 10-mm 3 isotropic voxel size, 70-kVp peak x-ray tube potential, 114-mA x-ray intensity, and 200-ms integration time, and were subjected to Gaussian filtration and segmentation. Image acquisition and analysis protocols adhered to guidelines for microcomputed tomography (mCT) assessment of rodent bone microstructure (15) . Trabecular bone was identified by manually contouring the endocortical region and using a threshold of 338 mgHA/cm 3 to segment bone from soft tissue. In the proximal tibia, trabecular bone architecture was analyzed in a 1000-mm long region using 100 transverse 10-mm slices that began 100 mm inferior to the growth plate and extended distally. In the femur, trabecular bone architecture was analyzed in a region that began 200 mm superior to the distal femoral growth plate and extended proximally 1500 mm, using 150 transverse 10-mm slices. The segmented images were analyzed with the standard Scanco trabecular bone morphology script to measure trabecular bone volume fraction (%), trabecular BMD (mgHA/cm 3 ), trabecular thickness (mm), trabecular number (mm 21 ), trabecular separation (mm), and connectivity density (1/ mm 3 ). Cortical bone morphology was analyzed in a 500-mm (50 transverse slices) long region that began 2 mm superior to the distal tibiofibular junction and extended distally (for the tibia) or at the femoral middiaphysis (for the femur). Cortical bone was segmented using a threshold of 700 mgHA/cm 3 and the standard Scanco script for cortical bone morphology was used to measure total cross-sectional area (mm 2 ), cortical bone area (mm 2 ), medullary area (mm 2 ), bone area fraction (cortical bone area/total cross-sectional area, %), cortical tissue mineral density (mgHA/ cm 3 ), cortical thickness (mm), cortical porosity (%), periosteal perimeter (mm), endocortical perimeter (mm), and the maximum, minimum, and polar moments of inertia (mm 4 ).
OsO 4 mCT
Quantification and visualization of marrow adipose tissue was performed as we previously described (16) . Briefly, long bones were dissected free of soft tissues and fixed in 10% neutral buffered formalin (Fisher Scientific, Pittsburgh, PA) overnight at 4°C with gentle agitation. MAT was quantified via osmium tetroxide (OsO 4 ) staining followed by mCT as described (16) . Following mCT scanning for trabecular and cortical structure, the tibiae were demineralized in 4.1% EDTA, pH 7.4, for 14 days. These were then washed with cold tap water and then placed into 2-mL cryovials with a four-way divider (four tibiae per vial). In a fume hood, equal volumes of 5% potassium dichromate and 2% OsO 4 (Electron Microscopy Sciences, Hatfield, PA, catalog no. 19152) (1% final OsO 4 concentration) were mixed and added to each cryovial. Then cryovials were capped and the tibiae were allowed to incubate for 48 hours at room temperature. The tibiae were washed in cool tap water for 2 hours to remove unbound OsO 4 and then transferred to fresh tubes containing phosphate-buffered saline. OsO 4 -stained tibiae were imaged using a mCT scanner (mCT-35 or mCT-40) (Scanco Medical). Scans were acquired of the whole tibia using a 10-mm 3 isotropic voxel size, 55-kVp peak x-ray tube potential, 145-mA x-ray intensity, and 300-to 500-ms integration time, and were subjected to Gaussian filtration and segmentation. The medullary cavity for each tibia was manually contoured in the same regions where proximal medullary volume and medullary volumes were measured in the mineralized mCT scans. OsO 4 staining in the distal regions was segmented using thresholds equivalent to 1584 mgHA/cm 3 and volumetric analysis was run to measure MAT volume (mm 3 ). MAT volumes were normalized by the medullary volumes from the mineralized mCT analysis and are reported as the distal MAT volume fractions (%).
Immunohistochemistry
For hematoxylin and eosin staining, tissues were fixed in 10% formalin for 3 days, paraffin embedded, and processed for staining. Bones were either decalcified until soft in EDTA or plastic embedded and sectioned without decalcification. Images were taken using a Nikon Eclipse 80i microscope. The ImageJ length tool and cell count macro was used to determine adipocyte number and average diameter of all adipocytes in one field of view (image taken from 203 objective). Four fields of view per animal were taken and averaged together to obtain an average adipocyte diameter (d) for each animal. Adipocyte area was approximated by using the equation area = p*(d/2) 2 .
Serum lipidomic analysis
Lipidomic analysis was performed on serum from mouse eye bleeds using direct infusion and sequential precursor ion fragmentation methods using our water-free dichloromethane/ methanol lipid isolation approach (17) . Briefly, 10 mL of mouse serum was combined with water, methanol, and dichloromethane. After vortexing, a dichloromethane/methanol/sample monophase was obtained and allowed to stand for 30 minutes at room temperature. The monophase was broken into a twophase system following addition of dichloromethane and methanol by centrifugation for 10 minutes at 300 relative centrifugal force in a Heraeus Instruments (Hanau, Germany) Megafuge 2R. The lower dichloromethane organic phase was removed to a new glass tube and dried under nitrogen and a partial vacuum using a Visiprep manifold (Supelco, Bellefonte, PA). Lipid extracts were dissolved in methanol/ dichloromethane (50:50, v/v, containing 5 mM ammonium acetate) for mass spectrometry (MS) analysis. MS was performed by direct infusion in 50% dichloromethane, 50% methanol, and 5 mM ammonium acetate onto a Sciex 5600 TripleTOF mass spectrometer. Lipids were analyzed using a bias-free global lipid profiling acquisition technique, termed MS/MS ALL , using sequential precursor ion fragmentation. Duplicate MS runs were conducted in two ion modes: positive (e.g., for triacylglycerols, sphingomyelins, cholesteryl esters) and negative (e.g., for glycerophospholipids). Minimum signalto-noise and minimum percent intensities for MS and MS/MS were: triacylglycerols (MS 5/1 and MS/MS, 10/1, 2%); sphingomyelins (SMs; MS 5/1 and MS/MS, 5/1, 2%); diacylglycerols (MS 5/1 and MS/MS, 2/1, 2%); and glycerophospholipids (MS 5/2 and MS/MS, 10/1, 2%). Otherwise, MS/MS ALL parameters were as previously published (17, 18) . For sample comparisons, a t test was applied using MarkerView software (Sciex, Framingham, MA).
Serum metabolite analysis
Metabolites were extracted from mouse blood in ice-cold methanol and endogenous metabolite profiles were obtained using two liquid chromatography-tandem mass spectrometry methods as described (19) . Metabolomic profiling was done at the Beth Israel Mass Spectrometry Core Facility (Beth Israel Deaconess Medical Center, Boston, MA). Data were acquired using a 5500 QTRAP triple quadrupole mass spectrometer (AB/Sciex) coupled to a Prominence UFLC system (Shimadzu, Kyoto, Japan) via selected reaction monitoring of 289 endogenous water soluble metabolites for steady-state analyses of samples. All values that were nondetectable were assigned the lowest detectable value (3000). Excel software was used for analysis, statistically significant metabolites were identified if they met the requirements of a fold change cutoff over 1.5, and P , 0.05 using a two-tailed homoscedastic t test with n = 3.
Microbiome sequencing analysis
At age 23 weeks, five to seven pellets of feces per mouse were taken from mice immediately upon excretion, frozen at 280°C, and shipped on dry ice to Second Genome Inc. (San Francisco, CA) for processing and analysis.
Sample preparation
Nucleic acid isolation was performed with the MoBio PowerMag® Microbiome kit (Qiagen, Carlsbad, CA) according to the manufacturer's guidelines and optimized for highthroughput processing. All samples were quantified via the Qubit® Quant-iT dsDNA High Sensitivity Kit (Invitrogen, Carlsbad, CA) to ensure that they met minimum concentration and mass of DNA.
Library preparation
To enrich the sample for bacterial 16S V4 rDNA region, DNA was amplified using fusion primers designed against the surrounding conserved regions that are tailed with sequences to incorporate Illumina adapters and indexing barcodes. Each sample was polymerase chain reaction (PCR)-amplified with two differently barcoded V4 fusion primers. Samples that met the post-PCR quantification minimum were advanced for pooling and sequencing. For each sample, amplified products were concentrated using a solid-phase reversible immobilization method for the purification of PCR products and quantified by quantitative PCR.
Profiling methods
A pool containing 16S V4 enriched, amplified, barcoded samples were loaded into a MiSeq® reagent cartridge, and then onto the instrument along with the flow cell. After cluster formation on the MiSeq instrument, the amplicons were sequenced for 250 cycles with custom primers designed for paired-end sequencing. Samples are processed in a Good Laboratory Practices-compliant service laboratory running Quality Management Systems for sample and data tracking. The laboratory implements detailed standard operating procedures, equipment and process validation, training, audits and document control measures. Quality control and quality assurance metrics are maintained for all sample handling, processing and storage procedures.
Ordination, clustering, and classification methods
Principal coordinate analysis was used for two-dimensional ordination plotting to help visualize complex relationships between samples. Principal coordinate analysis uses the sample-to-sample dissimilarity values to position the points relative to each other by maximizing the linear correlation between the dissimilarity values and the plot distances. To create dendrograms, the samples from the distance matrix are clustered hierarchically using the ward method.
Statistics
All data are expressed as the mean 6 standard deviation (SD), unless otherwise noted. Ordinary two-way analysis of variance (ANOVA) tests were used to determine diet, drug, and diet by drug significance, using P , 0.05 as the cutoff for significance, with Tukey multiple comparison post hoc testing unless otherwise noted. ****P , 0.0001; ***P , 0.001; **P , 0.01; *P , 0.05. Prism 6.02 software was used to compute all statistical calculations unless otherwise noted.
Results
Metformin has minimal effects on body mass, fat mass, or lean mass in DIO Mice were fed an HFD or chow for 15 weeks and treated in the last 6 weeks with or without metformin. This diet regimen has been shown previously (20) , and herein confirmed to induce obesity and metabolic dysfunction ( Fig. 1A-2B , Supplemental Fig. 1 ). Metformin (300 mg/kg per day) effectively normalized blood glucose levels as early as day 10 of treatment (Supplemental Fig. 1 ). HFD significantly increased total mass and fat mass by dual-energy x-ray absorptiometry at 16, 20, and 22 weeks vs chow, and metformin did not rescue this ( Fig. 1A-1B) . No substantial differences in total lean mass were observed based on diet or drug (Fig. 1C) . Overall, metformin had little effect on the diet-induced obesity body composition phenotype (body mass, fat mass, or lean mass).
Metformin inhibits the obesity-induced skeletal adaptive changes in the tibia
We then analyzed the effects of metformin on tibial bone parameters using mCT, OsO 4 mCT, and static histomorphometry. Overall, we observed HFD feeding in growing animals had no effect on trabecular bone volume fraction ( Fig. 2A ) or trabecular number (Fig. 2B ), but did significantly increase trabecular thickness (Fig. 2C ). HFD significantly increased medullary area (Fig. 2D) , which was partially rescued by metformin, as evidenced by a substantial interaction coefficient between metformin and HFD. In contrast to the femur, no substantial findings were observed in HFD tibia for cortical area, total cross-sectional area, periosteal perimeter, or endocortical perimeter (Fig. 2E-2F and data not shown). However, changes in tibial cortical bone led to a substantial decrease in cortical bone area fraction in HFD mice (Fig. 2G) , which was partially rescued by metformin. These changes in bone mass resulted in an increased polar moment of inertia (Fig. 2H) , as well as maximum and minimum moments of inertia (data not shown) in HFD mice. HFD also significantly increased total marrow adipose tissue volume, (Fig. 2I ) and even when normalized to marrow volume (which was also increased by HFD, Fig. 2J ), HFD increased MAT, as seen in the relative marrow adipose tissue volume (Fig. 2K) . These phenotypes were again partially rescued with metformin ( Fig. 2I-2K) . Overall, the substantial interaction effects observed in medullary area, cortical bone area fraction, marrow volume, and MAT volume demonstrate that metformin may correct the tibial phenotype of HFD.
To elucidate the mechanisms behind the mCT data, we performed static bone histomorphometry. We observed that HFD decreased osteoblasts per total area (Supplemental Fig. 2A ), but had no effect on number of osteoblasts per bone perimeter, osteoblast surface per bone perimeter (Supplemental Fig. 2B-2C ) or osteoid surface per bone surface (Supplemental Fig. 2D ). HFD also increased MAT, reinforcing OsO 4 mCT data (Supplemental Fig. 2E-2F ). Metformin tended to normalize all of these parameters altered by HFD (Supplemental Fig. 2 ). Osteoclasts and osteoclast activity, assessed as number of osteoclasts per bone perimeter (Supplemental Fig. 2G ), osteoclast surface per bone perimeter (Supplemental Fig. 2H ), and eroded surface per bone surface (Supplemental Fig. 2I ) tended to be increased with HFD, which appeared to be normalized with met treatment, but none of these findings was significantly different. In sum, metformin decreases MAT induced by HFD and may activate osteoblasts that are inhibited by HFD. Interestingly, for some parameters, substantial interaction effects demonstrate a restorative action of metformin on bones at the macroscopic level that is not seen in chowfed mice.
Metformin inhibits the obesity-induced skeletal adaptive phenotype in the femur
To further strengthen our data, mouse femurs were also analyzed using mCT and static bone histomorphometry. Similar to tibia data, no net changes in bone volume fraction (Fig. 3A) or trabecular number (Fig. 3B) were observed with HFD or metformin, and opposed to tibial data, no substantial trabecular thickness differences were observed (Fig. 3C) . Interestingly, cortical bone demonstrated the same general response to HFD and metformin in the femur and tibia. HFD increased femoral medullary area (Fig. 3D ), cortical area (Fig. 3E) , total cross-sectional area (Fig. 3F ), endocortical perimeter (Fig. 3G) , and periosteal perimeter (Fig. 3H ), which were all partially rescued with metformin. As a result, cortical bone area fraction was decreased by HFD, which also was partially rescued by metformin (Fig. 3I) . In HFD, redistribution of bone mass from the endocortical to the periosteal region resulted in substantial increases in polar (Fig. 3J) , maximum, and minimum moments of inertia (data not shown), which were partly normalized by metformin. Overall, the HFD femoral bone cortical phenotype was partially corrected through metformin treatment.
Similar to tibia static histomorphometry, osteoblast numbers were decreased in HFD vs chow and partially rescued with metformin in femora (Fig. 4A-C) . Femoral osteoclast parameter changes were undetectable, suggesting that the increased medullary area was mostly driven by a decrease in osteoblast number and activity induced by HFD rather than osteoclast activation (Fig. 4D) . In sum, these data suggest that metformin acts in an adversarial role to HFD in the cortical compartments of the femur.
Adipose tissue phenotype is affected by obesity and metformin
To address systemic effects of metformin on WAT, we measured adipocyte size in visceral adipose tissue (VAT) and inguinal adipose using hematoxylin and eosin staining. HFD significantly increased inguinal adipocyte size, and metformin normalized this phenotype by significantly reducing adipocyte size ( Fig. 5A and 5C ). HFD also significantly increased VAT adipocyte cell size, but metformin did not rescue this response (Fig. 5B and 5D ). However, there was less inflammatory cell infiltration in HFD adipose depots when these mice were treated with metformin, suggesting that metformin's anti-inflammatory properties specifically affected VAT (Fig. 5B) . In contrast, metformin had no observable effects in mice on chow (Fig. 5A -5B).
Circulating metabolite profiles are affected by obesity and metformin
To better understand the effects of metformin on circulating lipid and metabolite levels, we measured blood serum lipid and metabolite profiles immediately before euthanizing mice using gas chromatography and MS. Metabolite analysis revealed substantial differences (Tables 1-4) . We compared HFD vs chow (Table 1) , HFD + metformin vs chow + metformin (Table 2) , HFD + metformin vs HFD (Table 3) , and chow + metformin vs chow (Table 4) . Metabolites were found to be dictated by diet: 10 upregulated and 15 downregulated metabolites were identified in HFD vs chow groups. Interestingly, we observed that the chow + metformin vs chow alone induced the fewest number of significantly changed metabolites (6 upregulated and 3 downregulated), whereas HFD + metformin vs chow + metformin induced the greatest number of altered metabolites (36 upregulated and 12 downregulated). Some of the metabolites were decreased in HFD vs chow, regardless of metformin treatment (e.g., shikimate, maleic acid, fumarate, malate), whereas other metabolites were only decreased in HFD vs chow when metformin was not present (e.g., 2-isopropylmalic acid, hydroxyproline, 3-methylphenylacetic acid). In both chow and HFD, metformin had the effect of decreasing spermidine and increasing pyrophosphate. In sum, metabolomic analysis revealed more examples of the "drug-by-diet interaction" effect in which metformin induces different effects on mice based on their diet, and provided data of type and number of metabolite class molecules altered by HFD and metformin.
Lipidomic profiles are affected by obesity and metformin Multivariate statistical analysis was used to identify the alteration of global serum metabolites associated with obese mice as compared with healthy controls and differential responses to drug treatment. Lipid profiling showed the largest numbers of distinct lipid species changing significantly (P , 0.05) in HFD vs chow diets (Supplemental Table 1 ). This overall trend is reflected by principal component analysis (e.g., for chow vs HFD treatments; Fig. 6A ). Interestingly, principal component analysis suggested that metformin had a more pronounced effect on global serum lipid composition for HFD mice compared with mice on a chow diet (Fig. 6A) .
Although all classes of lipids comprised differentially regulated distinct molecular species, the classes exhibiting the most molecular species with the greatest changes were SMs and phosphatidylcholines (PCs) (Fig. 6B and 6C,  respectively) . SM molecular species were the most dramatically changed by metformin in chow-fed mice, supporting the idea that metformin's effects are mediated, at least in part, by changes in SM metabolism. The strong depression of multiple PCs and other glycerophospholipid molecular species (e.g., LPI28:5, PI33:3, PC34:1, PC36:4) is consistent with previously published results that indicate metformin reduces lysophosphatidylcholine production in human hepatocytes (21) . However, our results suggest that, although SM42:2:2 is significantly decreased, other SM molecular species appeared increased in metformin HFD-fed mouse serum (Fig. 6B ). This discrepancy may reflect a shift in the clearance of SMs in metformin HFDfed mice. Overall, circulating markers of systemic health and metabolism were dependent on both diet and drug, suggesting that metformin may differentially affect health, biomarkers, lipid utilization and production, and cellular metabolism in obese compared with lean individuals.
Gut microbiome is affected by obesity and metformin
Last, we sought to identify differences in the gut microbiome of these groups by analyzing their 16s rRNA sequences. Operational taxonomic units (OTUs, similar to a species and sometimes referred to as phylotypes) analyzed in fecal samples from mice were used to assess diversity and populations within groups using highthroughput sequencing and bioinformatics tools. Hierarchical clustering analysis (Fig. 7A ) and principal coordinate analysis (Fig. 7B) revealed the largest differences in microbiome were due to diet, and metformin further subcategorized the groups. In mice not treated with metformin, there were 170 differentially abundant OTUs in HFD vs chow mice (Fig. 7C) . Within mice on metformin, 160 operational taxonomic units (OTUs) were differentially abundant, including members of a number of different genera from Firmicutes, Actinobacteria, and Verrucomicrobia, in HFD vs chow mice ( Figure 7D ). Interestingly, 72 OTUs, including taxa from Lactococcus, Coprococcus, Ruminococcus, Staphylococcus, Akkermansia, Streptococcus, Oscillospira, Lactobacillus, Allobaculum, Clostridium, and Dorea, were found to be differentially abundant in HFD mice treated with metformin vs HFD mice alone (Fig. 7E) . Metformin did not induce such a large shift in chow mice: only 27 OTUs significantly changed in chow-fed mice treated with metformin vs untreated (Fig. 7F) . Of the important features that could be identified down to the genus level, OTUs from Lactobacillus and Turicibacter were reduced in abundance in chow-metformin-treated mice, and OTUs from genera Dorea and Adlercreutzia increased in abundance in chow-metformin vs untreated mice.
Overall, the data demonstrate that gut microbiota respond to both diet and drug, and that microbiota responses to metformin are dependent on mouse diet.
Discussion
In this study, we sought to determine the direct and indirect effects of DIO and metformin on peak skeletal acquisition. Our data revealed the complex nature of the interactions between obesity, bone, bone marrow adipose tissue, and the gut microbiome. Interestingly, we found that skeletal compartments, including cortical bone and bone marrow adipose tissue, as well as WAT, are altered in young obese mice; this is partially ameliorated by metformin. In DIO, endocortical bone expansion was observed in the femur; this was in part reversed by metformin. On the other hand, trabecular bone volumes in both femur and tibia were not altered by an HFD or by metformin, except in the tibia where HFD increased trabecular thickness. Possibly longer treatment with metformin would induce greater effects on the trabecular skeleton. Interestingly, other groups have found HFD decreases bone mass and increases osteoclast numbers in C57BL/6J mice, but these studies used older mice, shorter term diets, or both (22) (23) (24) , suggesting that HFD initiation age and duration affect osteoclast response, likely from the high energy requirements of growing mice or increase in mouse weight and hence bone loading in longer term HFD feeding.
There has been extensive research into the effects of obesity on bone health, with most findings suggesting that obesity increases mechanical loading on bones, resulting in increased bone volumes (25) . Interestingly, obesity has also been shown to correlate with increased risk of fracture (4), and increased visceral adipose specifically is inversely associated with bone mechanical properties in adult males (26) . Our data suggest that obesity in growing mice leads to cortical bone expansion and increased endocortical resorption, resulting in a net increase in the long bones' moments of inertia, and thus greater rigidity, in response to increased body weight. This typically translates to stronger bone, but could also produce an increased fracture risk when the bone is loaded in unconventional directions. More studies into the mechanical strength of bones in multiple directions will determine how the cortical expansion we observed translates to real life consequences, and will also elucidate if the opposing action of metformin on this process is beneficial or deleterious. Three-point bending or compression mechanical testing should be performed in future studies to help correlate mCT and histomorphometric data to functional outcomes in the long bones and vertebrae respectively. It is challenging to ascertain the exact mechanisms behind the bone phenotypes observed here because abnormal glucose tolerance, systemic or local inflammation, increased oxidative stress and excess accumulation of advanced glycation end products in bone extracellular matrix can all affect bone remodeling and inhibit osteoblast proliferation and differentiation (27, 28) . Moreover, there is disagreement in the field about the effects of hypercholesteremia and lipotoxicity on bone health, but most of this work is from adults and not maturing animals, as investigated here. Some findings show that hypercholesterolemic mice also present an osteoporotic phenotype, and statins, the first-line drug for hypercholesterolemia, increase BMD and in some studies reduce fracture risk in humans (29, 30) . Yet other studies found no long-term effects of cholesterol, lowdensity lipoprotein, or high-density lipoprotein levels on BMD, after correcting for confounding variables (31, 32) . What is becoming clear through numerous studies, however, is that the net negative effect of obesity on the skeleton appears to be driven by a myriad of interconnected pathologies (22) and local as well as systemic (humoral and neuronal) signaling factors such as leptin (33) and chemerin (34) . This report demonstrates a reduction in MAT in DIO after treatment with metformin. Similar to published studies (20) , we observed that a long-term HFD in growing mice induced greater MAT volume, which occurred because of both an increase in adipocyte number and size. Interestingly, MAT is also elevated in obese humans and is inversely associated with volumetric BMD (25) , perhaps because of pro-osteoclastic molecules such as RANKL, which has recently been identified as a marrow adipocyte-derived factor (35) . As Yue et al. recently described, HFD promotes bone marrow adipogenesis through enhanced leptin receptor signaling in bone marrow stromal cells (23) , so it is possible that this cell population is being targeted and modulated by DIO to shift their lineage allocation from osteoblasts to adipocytes, and that metformin might correct this. Indeed, in vitro studies confirm that metformin can induce Runx2 and AMPK, which hasten calvarial osteoblast differentiation (36) . If lineage commitment is altered in these mice, lineage tracing of osterix + cells using an inducible fluorescent marker would be useful to determine from when and where the osteoblasts and bone marrow adipocytes were derived. Changes in progenitor cells could also be identified in future studies by performing flow cytometry for mesenchymal stem/progenitor cells to determine changes in their frequency. It is also possible that endocortical osteoblasts underwent apoptosis in DIO mice and that this was rescued via metformin treatment. Similarly, the driver behind the decrease in MAT observed with metformin treatment may be lipolysis of mature adipocytes rather than cell fate change; this has been previously reported with metformin treatment (37) . Future work will be aimed at identifying other mechanisms besides cell fate switching that may be operative by which HFD inhibits osteoblast number or function, such as lipotoxicity, which could be reversed by metformin. Our study also demonstrated that metformin reduces inguinal WAT volume and visceral WAT crowning in DIO but not in chow-fed mice. These data recapitulate findings from prior studies that found metformin ameliorated HFD-induced liver inflammatory responses and hepatic steatosis, and decreased white adipocyte diameter (38) (39) (40) . Both in vivo and in vitro studies suggest that metformin decreases gene expression for adipogenic pathways and increases browning gene expression, suggesting that metformin may induce beiging in WAT (8, 41) . Our study also provides data regarding changes in the gut flora from diet or metformin. Metformin may alter the microbiome through increasing intestinal glucose uptake and lactate production, changing glucagonlike peptide-1 concentrations, and altering the bile acid pool within the intestine, thereby potentially altering the microbiome (42) . Future work may aim at determining how specific gut microbiomes contribute to the skeletal or systemic effects of metformin and/or DIO. It would also be beneficial in future studies to determine the effects of HFD and metformin on muscle mass and intermuscular adipose tissue, as these were not examined here.
There are a few limitations to our study. First, although it is clear that there are both direct and indirect effects from metformin on the skeleton in DIO, the precise mechanisms responsible for the changes in adipogenesis and osteoclastogenesis have not been fully delineated. To determine how metformin affects bone marrow adipocytes, future research could test direct treatment of metformin on mature and maturing adipocytes. Gene expression analysis could determine if metformin induces autophagy, lipolysis, apoptosis, dedifferentiation, or cell death in bone marrow adipocytes. If no direct effects on adipocytes or preadipocytes are observed, this is evidence that metformin's effects depend on systemic signaling. In addition, analyzing white and bone marrow adipocyte bioenergetics (oxidative phosphorylation and glycolysis) with and without metformin would determine changes in metabolic pathways and substrate utilization with metformin treatment, such as increases in lipid utilization, induced by metformin that would explain changes in adipocyte or lipid droplet size. Second, it is often difficult to uncouple obesity, diet, and metabolism in DIO in mice and humans. Also, the type of dietary fat, rather than total intake, is a more accurate determinant of fat's contribution to human health, and in mice, HFD may better translate to the Western or "cafeteria" diet rather than an actual high-fat/ low carbohydrate diet in humans (43) . Therefore, exploring other models of diabetes without obesity (e.g., the streptozotocin model), HFD without obesity [e.g., the FVB obesity-resistant mouse (44) ], obesity without diabetes [e.g., the Brd2 knockout (45)], and diabetes and obesity [leptin-or leptin receptor-deficient mice (9)], will help to disentangle effects of metabolism, diet content, and obesity on bone health.
Herein we characterized the effects of obesity and metformin on bone, MAT, protein and lipid metabolites, and gut microbiome bacteria. In DIO in growing mice, metformin improves osteoblastogenesis and suppresses bone resorption in the cortical region and reduces marrow adiposity. Overall, these data provide the most complete characterization of phenotype changes in mice in response to metformin and/or DIO. Importantly, we find that metformin tends to normalize DIO bone and MAT phenotypes, suggesting that it be considered for use not only in patients with diabetes, but perhaps even for obese patients with high risk of fracture.
